The present paper proposes a non-magnetic motor with a rotor rotated by the mechanical resonance energy of four bimorph cantilever beams excited by an electrostatic force. The use of a flexible material such as silicon rubber enables conversion of translational vibration to rotary movement in one direction. The rotational speed of the proposed motor increases in proportion to the input voltage when two bimorph beams are used, and the maximum rotational speed was found to be 6,804 rpm when the input voltage was set to 24.6 V. Next, the basic characteristics of a prototype motor with four bimorph cantilever beams, including rotational speed, output torque, and efficiency, were determined experimentally. The experimental results revealed that a maximum rotational speed of 6,370 rpm was obtained when the output torque was 19.6 μNm. The proposed motor was also observed to produce an output torque of 63.7 μNm when the rotational speed was 1,491 rpm. The maximum efficiency was 6.2% when the input power was 0.3 W. For the proposed motor, the volume and weight were reduced by approximately 35%, as compared with a motor from a previous study.
Introducation
The electromagnetic motor is used widely in medical, welfare and industry. However, an output torque is quite small when the size of the motor becomes small. Therefore, a micro-gear is necessary to increase torque of the motor. In turn, this would require a reducer manufactured with very high precision. On the other hand, non-magnetic motors do not use electromagnets or permanent magnets, and so do not produce electromagnetic waves. More specifically, non-magnetic motors perform stably in high-magnetic-field environments. The demand has increased for non-magnetic motors for generating high torque in strong magnetic fields generated through superconductivity, as well as in medical applications such as magnetic resonance imaging (MRI) and magnetoencephalography. Non-magnetic motors have been discussed for long time. As such, many studies have investigated the mechanisms of motors using non-magnetic devices, such as electrostatic elements (Jian et al., 2006; Xiaolong et al., 2014; Peled et al., 2016; Aoyagi et al., 2016; Yu et al., 2016; Yamamoto et al., 2005; Kurosawa, 1997; Niino et al., 1997) , electrorheological fluid (Yokota et al., 2004) , shape memory alloys (Sharma et al., 2008) , magnetostrictive elements (Pack et al., 2013; Ueno, 2009) , the electrostatic optical motor by using PLZT element (Morikawa et al., 2003) , and the combination of a frictional force and an electromagnetic force (Maruno et al., 2000; Yaguchi et al., 2014 ). An ultrasonic motor is being developed as a typical example of a non-magnetic motor, and the design and production techniques of this ultrasonic motor are almost established. However, ultrasonic motors are very expensive, although the cycle of use is short. By another means a stick-type non-magnetic motor manufactured using two bimorph cantilever beams has also been developed (Yaguchi, 2015) . The rotation principles and properties of this motor have been demonstrated experimentally. However, this motor is not small.
In the present paper, a thin-type motor of smaller size that combines an electrostatic force of non-magnetic force and a mechanical resonance was proposed. Multiple bimorph cantilever beams were examined in trial manufacture. Multiple bimorph cantilever beams were constructed in order to achieve resonance at the second mode of vibration, and use of a flexible material, such as silicon rubber, enabled conversion of translational vibration to rotary movement in one direction. In an experiment, the rotational properties of two bimorph cantilever beams with silicon rubber at the tips were examined. A thin-type motor with two and four bimorph cantilever beams was fabricated, and the influence of each parameter on the output torque and efficiency was investigated. Consideration of newly connection method for multiple cantilever beams to increase generating force of the motor carried out in this paper. The volume and weight of the motor was reduced by approximately 35%, as compared with the previous motor (Yaguchi, 2015) .
Structure of Motor having two Bimorph Cantilever Beams
Figure 1(a) and 1(b) show a schematic diagram of the proposed thin-type motor coupled by two bimorph beams. The motor consists of two bimorph cantilever beams with silicon rubber attached to their tips, a rotor, a bearing, and a steel ball. The size of bimorph beam used in this study was designed to be very small compared with previous study (Yaguchi, 2015) . Case of one bimorph beam, no large force is generated. Therefore, two bimorph cantilever beams were connected at the antinode of the vibration node as shown in Figure 1 (c). Thus, consideration of newly connection method for multiple cantilever beams to increase generating force of the motor carried out in this paper. The beams are connected by a steel ball (diameter: 0.2 mm), and exhibit mechanical resonance due to an electrostatic force. The resonance energy rotates the rotor using the frictional drive generated by the silicon rubber. The bimorph cantilever beam is composed of two piezoelectric ceramic test pieces of 2 mm in width, 16 mm in length (L), and 0.055 mm in thickness. A Ni alloy piece having a width of 2 mm, a length of 20 mm, and a thickness of 0.06 mm, as shown in Figure 2 . Silicon rubber 2 mm in length, 0.5 mm in thickness, and 1.5 mm in width was used in the present study, as shown in Figure 2 . The proposed motor rotates the rotor by picking the silicon rubber, as shown in Figure 3 . The rotational principle and simple theoretical formula of the proposed motor has been demonstrated in study (Yaguchi, 2015) . 
Basic Output Torque Properties of Motor having two Bimorph Cantilever Beams
An experiment was conducted using the experimental apparatus shown in Figure 4 . In the experiment, two bimorph cantilever beams were vibrated in the resonance condition by inputting a sine wave produced by a function generator into a power amplifier. The resonance frequency for the first vibration mode measured using the experimental apparatus was 338 Hz, and that for the second vibration mode was 2,112 Hz. A commercial motor with diameter of 6 mm was used to produce a load torque of 19.6 μNm when there was no input current. As described above, the two bimorph cantilever beams were connected by a steel ball (diameter: 0.2 mm). The connection position for these beams was set to an antinode of the second vibration mode for the cantilever beam. Accordingly, the connection position of the steel ball is 0.471 L, as shown in Figure 1 (c). Using the experimental apparatus shown in Figure 4 , the rotational properties of the proposed motor were investigated. Figure 5 shows the relationship between the input voltage to the cantilever beams and the rotational speed. In this case, the rotational speed was linearly proportional to the input voltage. The second vibration mode produces a high output, although the amplitude is small because the resonance frequency of the second vibration mode is high. The maximum rotational speed was 6,804 rpm for an input voltage of 24.6 V.
For the commercial motor, the relationship between the input electric current and the output torque was measured beforehand using a torque meter, with the output torque being changed by varying the input current. Figure 6 shows the relationship between the output torque and the rotational speed while varying the input power to the cantilever beams. This motor produced an output torque of 39.2 μNm at a rotational speed of 2,182 rpm when the input power was 0.2 W. . Relationship between output torque and efficiency Figure 7 shows the relationship between the output torque and the efficiency when the input power into the two bimorph cantilever beams was varied. The maximum efficiency was 9.6% when the input power was 0.05 W. Based on the results obtained in this experiment, the output torque for this motor not enough. Furthermore, from a practical standpoint, a higher output torque is required. 
Output Torque and Efficiency of Thin-Type Motor having four Bimorph Cantilever Beams
A new stick-type motor with four bimorph cantilever beams was produced, as shown in Figure 8 . Figure 9 shows a photograph of the motor. This motor has two sets of double bimorph cantilever beams. The motor has a length of 20 mm, a height of 6 mm, a width of 5 mm, and a total mass of 2 g. The rotor has a diameter of 3 mm, and a thickness of 3 mm. The diameter of an output axis for this motor is 0.3 mm. In the measurement, the two bimorph cantilever beams were driven by the second resonance frequency of 2,112 Hz. Experimental test was carried out by using the experimental apparatus shown in Figure 4 . Figure 10 shows the relationship between the output torque and the rotational speed while varying the input power to the cantilever beams. The motor produced an output torque of 63.7 μNm when the rotational speed was 1,491 rpm. Figure 11 shows the relationship between the output torque and the efficiency when the input power to the cantilever beams was varied. The maximum efficiency was 6.2 % when the input power was 0.3 W. For the proposed motor, the volume and weight were reduced by approximately 35 %, as compared with a motor from a previous study [16] . Given its small size, this thin-type motor produces a high torque. However, the efficiency is considerably less than that for the motor in the previous study.
Considering the size and weight as the micro-motor by using a thin multilayer cantilever beam, this motor has a very high output. However, the efficiency of this motor is not so high as about 6 %. The main reason for the low efficiency is probably the transformation loss of energy due to the silicon rubber through which the resonance energy is transformed into rotational power A high loss is probably not unique to this motor but inevitable in any motor for which the propulsion relies on highly frictional pressure applied by an elastic material. An optimization of the dimensions and rigidity of the rubber material is required. In addition, it is conceivable to consider increase of torque by electromagnetic force or a hybrid structure of magnetostrictive element and piezoelectric material. 
Conclusion
A non-magnetic thin-type motor based on an electrostatic force and mechanical vibrations was developed using multiple bimorph cantilever beams. The rotational speed of this motor increased in linear to the input voltage when two bimorph beams were used. The greatest value of rotational speed was 6,804 rpm when the input voltage was 24.6 V. Based on these measurement results, a thin-type motor using four bimorph cantilever beams with silicon rubber at their tips was produced. This motor produced an output torque of 63.7 μNm when the rotational speed was 1,491 rpm. The maximum efficiency was 6.2% when the input power was 0.3 W. For its size, the proposed motor produced a significantly high torque. For the proposed motor, the volume and weight were reduced by approximately 35%, as compared with a motor from a previous study.
